One of the basic physiologic properties of cells is the ability to regulate their volume. In general, vertebrate cell membranes are freely permeable to water and, therefore, water distributed between the cytosol and extracellular environment is in thermodynamic equilibrium. This is also true for the "water-tight" renal epithelia (such as cortical and medullary collecting tubules, and medullary thick ascending limb of Henle [mTAL]) [1] [2] [3] [4] . Furthermore, certain segments of the mammalian nephron are exposed to major changes in their osmotic environment as a consequence of their normal function in vivo. For example, during transition from a water diuretic to an antidiuretic state, total osmolality, urea, and NaCl concentrations in the renal cortex remain relatively constant, whereas they increase progressively from the corticomedullary junction to the tip of the inner medulla [5] . In the setting of dramatic changes in the tonicity of interstitial fluid that provide a driving force for cell water gain or loss, renal medullary cells must adjust their volume accordingly to avoid excessive swelling or shrinking.
This review will focus on the Nat-coupled transport systems utilized by cells of medullary nephron segments to undergo a volume regulatory increase (VRI) response and, thereby, maintain cell volume homeostasis in the setting of hypertonic stress.
It should be noted that these, and other cell types, are also subjected to additional challenges to the maintenance of their cell volume (Fig. 1 ). These include: 1) the presence of charged and uncharged intracellular macromolecules which creates an osmotic gradient for water entry and threatens to swell and lyse cells; and 2) the effects of rapid changes in the rate of transcellular solute traffic (absorptive or secretory) which might shrink or swell cells. The latter has been referred to as the "flushthrough effect" by which sudden increases in solute leak rates (that is, Nat-glucose cotransport in proximal tubule epithelia) are compensated for by an increase in Na,K-ATPase (pump) activity [61. Excellent discussions of these issues are available in recent reviews and will not be addressed further in this report [7, 8] .
© 1989 by the International Society of Nephrology Historical perspective: A role for sodium in volume regulation
Earlier studies, many of which utilized tissue slice techniques, have suggested that cells located in the renal medulla undergo a volume regulatory increase response after exposure to hyperosmolar solutions. This process appeared to be dependent upon the cellular uptake of inorganic ions [9-111. Urea had no significant effect on cell volume, presumably because of its high cellular permeance [9] . Morgan demonstrated that isolated rap papillae responded to a fourfold increase in medium NaCl concentration (150 to 600 mM) by increasing intracellular Na content 250%, while decreasing cell volume by only 25 percent [10] . No significant change in intracellular K content was observed. These data implied that papillary cells maintain both osmotic equilibrium and volume homeostasis via net Na uptake. Although this work is compelling, the results must be interpreted cautiously because values reported for cell Na content in that study were extremely high compared to values obtained by other accepted methods. This may reflect: 1) compromise of the metabolic state of the tissue, thereby limiting Na ,K-ATPase activity; and/or 2) inaccurate determination of interstitial and cell volume by distributions of inulin and 3H20.
Law [11] has shown that extracellular inorganic anions appear to contribute to the cell volume regulatory response in the mammalian inner medulla. Outer medullary slices from rat kidney accumulated intracellular chloride in response to hypertonicity, and this response was abolished by the anion exchange inhibitor, SITS. Acetazolamide also inhibited volume regulation in this preparation, thus implicating C1 :HC03 exchange as a requirement for this response.
Recent evidence suggests that volume adaptation by renal medullary cells, and possibly other cell types, in response to hypertonic stress, may not be limited to the uptake of inorganic ions. Beck et al [12] and Saubermann [131 have shown, using electron microprobe analysis of inner medullary collecting duct cells from dehydrated rats, that the intracellular electrolyte content was significantly less than that of interstitial fluid. The magnitude of this osmotic gap ranged from approximately 100 to 600 mOsm and was attributed to intracellular accumulation of osmotically active organic compounds that have been referred to as osmolytes. Subsequent studies by Gullans et al [14] and others [151 have identified several osmolytes in mammalian renal inner medulla using proton nuclear magnetic resonance spectroscopy and biochemical methods. In addition, medullary content of several of those compounds (such as, glycerophosphorylcholine, betaine, sorbitol, and inositol) have been shown to increase significantly during dehydration [14, 151 . Furthermore, there is evidence that antidiuretic hormone (ADH) may participate in the modulation of this response [161 as well as in the accumulation of inorganic ions [17] [18] [19] .
The cellular accumulation of inorganic and organic solutes during hypertonic stress in renal medullary cells may represent a highly coordinated and ordered event similar to that described for other cell types (Fig. 2) [20, 211. For example, algae have been shown to undergo a triphasic response to environmental hypertonic stress: 1) initial osmometric water efflux from intracellular to extracellular fluid with cell shrinkage followed by 2) rapid cellular uptake of NaCI, with return of cell volume toward control values (VRI response), and then 3) synthesis and accumulation of glycerol with parallel decreases in intracellular sodium [221. A similar, coordinated response to osmotic stress between the accumulation of intracellular potassium ions and the organic osmolyte, betaine, has been observed in certain bacteria [23] . At high media osmolality, an osmoresponsive gene, the kdp operon, encodes a potassium transport system resulting in intracellular accumulation of potassium. The resulting increase in the ionic strength on the cytosolic fluid has been suggested to be the trigger for transcription of another osmoregulatory gene, the proU locus. The latter gene encodes a high-affinity betaine transport system which leads to the cellular accumulation of betaine. A hypothetical model of hypertonic volume regulation in renal epithelial cells that integrates the rapid activation of ion cotransport events with the more chronic accumulation of organic osmolytes is outlined in Figure 2 . While all of these issues have important implications for cell volume control in renal medullary cells, the present review will focus on our present understanding of the ion transport systems involved in the initial rapid volume regulatory response to hypertonic conditions. Mechanisms proposed for Na + -coupled cotransport during hypertonic VRI Secondary active transport processes have been proposed to account for net inorganic ion movement into cells during the early phase of hypertonic volume regulation. Two ion transport models have been suggested to explain this volume regulatory response in epithelial [1, 24] and non-epithelial cells [25, 261 (Table 1) . One ion cotransport model applied to the hypertonic VRI response described in various epithelial and non-epithelial cell types proposes a C021HC03 sensitive mechanism in which NaCI uptake depends upoin parallel Na:H and Cl: HC03 exchangers [17, 24, 25] . This is an electroneutral process requiring extracellular Nat, C1 and HC03 and resulting in net cellular accumulation of NaCl and loss of H2C03 (that is, CO2 + H20). This results in net accumulation of intracellular osmoles and osmotic influx of water with subsequent normalization of cell volume. epithelial and non-epithelial cell preparations, involves an electroneutral Na-K-2C1 cotransport process, thereby directly coupling cation (Na, K) and anion (Cl) movement [26, 341. During hypertonic stress, Na and C1 enter the cell via this transporter down electrochemical gradients, whereas K enters against its electrochemical gradient. Chloride content is further regulated by a C1 :HC03 exchanger and high membrane CI conductance. The latter exceeds the conductance for Na and K by as much as 100-fold (such as duck RBC) such that the net uptake of Na and K exceed that of Cl-. Cell buffering capacity neutralizes the related transient alkalinization. This model requires extracellular Na, K and Cl-in the media and is independent of CO2 and HC03. Kregenow [261 has proposed that net movement through the transport system is a function of the electrochemical gradients for Na and K.
Evidence for C02/HC03-dependent Na cotransport during VRI Renal tubular epithelia Recent studies have identified a hypertonic VRI response in the mouse medullary thick ascending limb (mTAL) that has many of the characteristics described for the C02/HC03 dependent cotransport model outlined above [17] . These studies were performed using the in vitro tubule perfusion technique, and differential interference contrast microscopy coupled to a computer-assisted image analysis system provided direct measurement of cell volume changes. Hebert has shown that an abrupt increase in peritubular bath osmolality (from 290 mOsm to 340 mOsm) results in an initial decrease in mTAL cell volume due to osmotic water loss. Following this osmotic response, cell volume rapidly increases (within 2 to 5 minutes) to the initial isotonic volume despite continued exposure to hypertonic media [18] . An important observation in these studies was that the VRI response occurs only in the presence of antidiuretic hormone (see below).
Two lines of evidence suggest that the VRI response in the mTAL appears to be due to a rapid influx of NaCl into cells.
First, a characteristic feature of the VRI response is an increase in cell volume above the control value when bath isotonicity is restored (that is overshoot phenomenon), indicating that cell solute content increased during the volume regulatory response. In addition, the VRI response in this segment requires the presence of Na and Cl in the peritubular (but not luminal) solutions; that is, when C1 was substituted with isethionate, or Na replaced with N-methyl-d-glucamine, the VRI response was not observed [171.
The mechanism of basolateral NaCI uptake during hypertonic VRI in the mouse mTAL was determined using inhibitor and ion substitution studies. The VRI response is a secondary active transport process that can be abolished by inhibiting metabolism (by reducig temperature to 15 to 17°C) and/or by inhibiting basolateral NatK ATPase [17, 18] . In addition, VRI is a C02/HCO3-dependent process: when C02/HC03 was removed from external solutions (isohydric buffering with HEPES rather than HCO3) or when the carbonic anhydrase inhibitor, ethoxzolamide, was added to peritubular media in the presence of C02/HC03, VRI was abolished. Participation of a C1 :HC03 exchange as the mechanism for VRI-mediated chloride uptake into cells was suggested by inhibition of hypertonic VRI with the stilbene, SITS (10-a M). Participation of Na :H exchange in VRI was suggested by the observation that peritubular, but not luminal, amiloride (1O-M) inhibited hypertonic VRI. Thus, Na:H and Cl:HC03 exchangers present in the basolateral membrane appear to mediate NaCl uptake during hypertonic VRI in the mouse mTAL, and ADH appears to be essential for the expression of this response.
The mouse medullary and cortical thick ascending limb cells are heterogeneous with regard to the ability to demonstrate a VRI response on exposure to hypertonic media, as the cells of the cortical segment did not volume regulate in response to hypertonic media using identical conditions [18] . This heterogeneity is consistent with exposure of medullary, but not cortical, nephron segments, which vary in their osmotic environment in vivo (that is, during transition from a water diuretic to an antidiuretic state). In addition, Sun and Hebert [19] have recently demonstrated a rapid, ADH-dependent hypertonic VRI process in isolated perfused rat inner medullary collecting ducts (IMCD). While the ion transport processes responsible for VRI in the IMCD are not yet known, the rate of VRI in this segment is three-to-four times that in the mouse mTAL. The higher rate of VRI in the IMCD may represent an adaptation to the higher osmolality developed in the inner medulla compared to the outer medulla.
Although, in general, cortical segments do not appear to show a rapid VRI response to sudden and large (>50 mOsmlkg H,O) increases in osmolality, non-perfused rabbit proximal tubule segments (S2) can increase their net intracellular ion content under certain conditions. Lohr and Grantham [36, 37] have observed maintenance of proximal cell volume during slow increases (less than 2 mOsm/min) in media osmolality up to 360 mOsm/kg H20 when acetate is present in solutions.
Moreover, Rome et al [38] have shown, using electron microprobe analysis, that these cells accumulate Na and C1 and decrease intracellular K content in response to an increase in media osmolality from 290 mOsm to 400 mOsm. This process appears to require the presence of fatty acid substrates (such as, butyrate, valerate). Although cell volume was not measured in this latter study, these results (particularly when viewed in the context of the earlier Lohr and Grantham studies [36, 371 suggest a volume regulatory response mediated, at least in part, by the net uptake of inorganic ions. However, it should be noted that the rate of this VRI response is quite slow compared to those demonstrated for medullary nephron segments and only occurs with slow increases in osmolality.
The situation in non-mammalian proximal segments is quite different. Lopes and Guggino [271 have demonstrated that the Amphiuma early proximal tubule undergoes a prototypic YRI response to a sudden increase in media osmolality. When HC03 was omitted from the bathing solution in an in vitro tubule perfusion preparation, the VRI response was abolished.
In contrast, [Nat, Cl-I cotransport in this segment under isotonic conditions is not HC03 dependent. Therefore, it appears that the ion cotransport mechanisms which mediate the hypertonic volume regulatory process in this segment have characteristics similar to those of the mTAL cells.
Non-renal cells Neuturus gallbladder. Ericson and Spring [24] have shown that the Necturus gallbladder epithelium undergoes a hypertonic VRI response. As with the other epithelial preparations described above, this process requires Nat, Cl and HC03 in the bathing medium. Similarly, this VRI response is abolished in the presence of amiloride and SITS, implicating activity of both Na:H and Cl:HC03 exchangers. Bumetanide, which inhibits the NaCl uptake cotransport process under isotonic conditions does not inhibit the ion cotransporters involved in the VRI mechanism. This suggests that the latter cotransport processes, normally quiescent during isotonic conditions, predominate during hypertonic stress. Ouabain did not impede the hypertonic VRI process, suggesting that Na-KATPase was not directly involved.
Lymphocytes. Grinstein and coworkers [251 have shown that peripheral blood monocytes (PBM) undergo a VRI response. After initial swelling in hypotonic medium, these cells shrink toward their original volumes (volume regulatory decrease VRD). When resuspended in isotonic media, the cells shrink transiently and then increase their volume toward normal (post-VRD VRI). As with epithelial cells described above, this response was inhibited when Nat, HC03 or C1 (but not K) was removed from the incubation medium. Furthermore, the cell gained Na and K during the re-swelling phase. Ouabain did not prevent either Na accumulation or the VRI response, suggesting that Na-K ATPase is not essential for hypertonic volume regulation in this cell type. Thus, it appears that Na uptake is the primary phenomenon of the VRI in this system, whereas the exchange of intracellular K through the Na pump is a secondary event.
Amiloride inhibited osmotically stimulated cation fluxes and the associated hypertonic VRI, supporting a role for Na :H exchange in the VRI response. When PBM were acid loaded with nigericin, external Na induced an amiloride-sensitive alkalinization intracellularly with concomitant Na uptake. In addition, this response was shown to be electroneutral, further supporting a mechanism for volume regulation involving "cotransport" of NaCl via parallel Na:H and Cl:HCO3 exchangers.
In summary, C02/HC03-dependent hypertonic volume regulation occurs in epithelial and non-epithelial cells. The VRI response common to these different cell types can be explained on the basis of coupled uptake of Cl and extrusion of HCO operating in parallel to a Na :H antiporter. As a consequence, this process is electroneutral, pH-balanced and osmotically effective.
Evidence for C02-HCO3 independent Na coupled cotransport Rabbit inedullary thick ascending limb cells (mTAL)
Eveloff and Calamia [341 have reported that Na-K-2C1 cotransport occurred in rabbit mTAL suspensions in hypertonic C02/HC03 free medium but not under isotonic control conditions. In isotonic media, furosemide-sensitive 22Na flux was not stimulated by K gradients and furosemide sensitive 86Rb flux was not stimulated by Na gradients directed into the cells. These results suggested Na, Cl-cotransport occurring independently of the Na-K-2C1 cotransporter. In contrast, cell suspensions made hypertonic with mannitol had significant increases in furosemide-sensitive Na and Rb fluxes.
Since cell volume measurements were not made in this study, conclusions regarding the role of this cotransport process in a volume regulatory response in this tissue is purely speculative. However, if such a mechanism does contribute to hypertonic VRI, then expression of a Na-K-2Cl cotransporter in rabbit mTAL epithelium under hypertonic conditions differs strikingly with the proposed mechanism of hypertonic VRI in the mouse mTAL. The latter process is dependent upon CO2 and is not inhibited by furosemide. Interestingly, carbonic anhydrase, which is required for the hypertonic VRI in mouse mTAL, is abundant in that tissue (as well as in human, monkey, guinea pig; [39] ), but not in rabbit mTAL. Thus, these species may have adapted systems of volume regulation based, in part, upon enzymatic constituents.
Avian erythrocytes
Osmotic shrinkage of erythrocytes stimulates a ouabaininsensitive Na,K,2Cl cotransport system 10-20-fold [35] . Removal of one or more of these ions blocks this response. Kregenow has shown that an extracellular K concentration ([K]0) greater than 2.5 m is required for the VRI response. At [K]0 2.5 m, the sum of the electrical potential (u) for Na and K is zero, hence, there is no net cation flux as the system is in thermodynamic equilibrium. Raising [K]0 increases the magnitude of the sum of the electrochemical gradients for Na and K, thereby creating a driving force for the uptake of Na down its electrochemical gradient and K up its electrochemical gradient. In additon, measurement of 36C1 fluxes during inhibition of Cl : HCO exchange by SITS showed that C1 passively accompanies Na and K fluxes.
Loop diuretics (such as, furosemide and bumetanide) blocked these transport events and the related hypertonic VRI response, further implicating a Na-K-2C1 cotransporter. Involvement of the adenylate cyclase system The adenylate cyclase system, when stimulated by various agonists, appears to mediate changes in cell volume in several cell types, including mouse mTAL and avian erythrocytes. Although these responses share several characteristics, (such as, requirement for extracellular Na and Cl), marked differences are also evident.
ADH. Hebert has shown, using in vitro tubule perfusion techniques, that ADH is required for mouse mTAL and rat IMCD to undergo hypertonic volume regulation studies have shown that ADH-stimulated NaCl absorption by mouse mTAL cells, under isotonic conditions, is mediated by cAMP (that is, via V2-receptors) [40] . To determine whether the hypertonic YRI response in this segment, which requires NaC1 uptake, is dependent upon similar receptor mediated events, ADH was substituted by 1 mtvi DB-cAMP during osmotic shrinkage [18, 351 . The hypertonic VRI response seen with ADH was reproduced completely by DB-cAMP. Furthermore, substitution of ADH by 10 M forskolin, a direct stimulator of adenylate cyclase (that is, a V2 receptor response), also resulted in hypertonic VRI. However, these two ADH-dependent processes (net NaCl absorption and cellular NaCI uptake during VRI) are independent events (Fig. 3) . This was established by the observation that abolishment of net NaCI absorption with 1O M luminal furosemide had no effect on ADH-dependent VRI [27] . A recent set of studies has provided additional evidence for an important role of ADH in the VRI response of the mouse mTAL. Like mammalian peripheral blood lymphocytes, the cells of the mTAL only demonstrate a post-VRD VRI response upon return to isotonic media. However, this process only occurs when the mTAL cells have been exposed to ADH. Therefore, these findings implicated the adenylate cyclase system as an important modulator of hypertonic volume regulation in mammalian medullary nephron segments.
The specific cAMP-dependent cellular events responsible for the volume regulatory process in medullary nephron segments are undefined. Further studies will be required to determine if ADH (cAMP) mediated events are necessary for the insertion NaCI or activation of quiescent transporters (that is, Na:H and absorption Cl :HC03 exchangers) in the basolateral membrane. In contrast to the apparent cAMP mediated hypertonic VRI response described above, Kahn has demonstrated that parathyroid hormone (PTH) or DB-cAMP inhibit Na:H exchange in brush border preparations of rabbit proximal tubules [41] . Thus, it appears that additional factors (such as, species and/or tissue heterogeneity) contribute to the adenylate cyclase mediated VRI response to changes in osmolality and hormonal stimuli. mechanism f3-adrenergic agonists. Adrenergic hormonal stimulation of avian erythrocytes modulates ion transport events with subsequent alterations in cell volume. Addition of norepinephrine to isotonic suspensions of avian erythrocytes results in cell swelling. This response is also characterized by a predominant increase in intracellular K and Cl, with a smaller increment in cell Na content. In contrast to hypertonic VRI described for this cell type, epinephrine-stimulated volume increase occurs relatively rapidly, reaching equilibrium within approximately 15 minutes (compared to 60 minutes with a hypertonic YRI response; [421). Substituting epinephrine with DB-cAMP reproduces the volume increase response in these cells. Furthermore, propranolol, a beta-adrenergic receptor blocker inhibits this process. Thus, while mTAL cells require both ADH and hypertonic media to express the prototypic YRI response described above, avian erythrocytes can undergo volume increases in isotonic media (with norepinephrine present) or in hypertonic media (without norepinephrine present). The cellular mechanisms responsible for these different responses are unknown.
Role of intracellular pH Intracellular pH (pH1), which is regulated at least in part by Na :H + exchange, is an important factor in the hypertonic VRI response for several different cell types. Grinstein, Clarke and Rothstein determined [281, based on the mean buffering capacity of lymphocytes shrunken in isotonic media after pretreatment in hypotonic buffer (see above), that at least 1.5 nmol Na/l06 cells are taken up via this amiloride sensitive antiporter during the initial 6 to 8 seconds of the VRI response. Of note is that a significant amount of Na uptake occurring through the Na-H exchanger is not manifested by a pH1 change because of simultaneous activation of a Cl-:HC03 antiporter.
The Na:H exchanger in lymphocytes is virtually quiescent at physiologic pH1 despite concentration gradients for Na In addition, the response of the Na:H exchanger to various stimuli appears to be asymmetric. For example, the interaction of external Na with the antiporter follows Michaelis-Menten kinetics, whereas the [H]1 dependence appears to involve a second cytoplasmic binding site. Aronson, Nee and Suhm [43] have postulated that an allosteric modifier site, located on the cytoplasmic domain of the transporter, regulates Na:H exchange. According to this hypothesis, the activity of the exchanger progressively decreases with increasing pH1 until a threshold is reached above which Na:H exchange ceases.
Grinstein and co-workers [28, 30] have demonstrated that pH, does not decrease during cell shrinkage. Therefore, they sugNa * 2C1 - Fig. 3 . Model of the effects of ADH on salt transport processes in the mTAL.
gested that cytosolic acidification was not the trigger for activation of Na:H exchange during post-VRD VRI in lymphocytes. Instead, these investigators have demonstrated a shift to the right of the pH1 activation response of the Na:H exchanger that is induced by cell shrinkage. This shift (purportedly due to phosphorylation of either the Na:H exchanger or a regulator of the exchanger) would produce maximal activation of the Na:H exchanger at a normal (unchanged) pH1.
Whether a similar alteration of the pH1 activation response of the basolateral Na:H1 exchanger occurs during hypertonic VRI in the mouse mTAL has not been determined.
Role of protein kinase
Osmotic perturbations and phorbol esters have been shown to activate Na:H exchange in lymphocytes [30] . These stimuli have also been observed to phosphorylate a 60 kD lymphocyte membrane protein and to increase phosphoinositide turnover. Furthermore, these stimuli have similar pharmacologic and kinetic properties: they are not additive and are inhibited by trifluoroperazine (a protein kinase C inhibitor), n-ethylmaleamide (an alkylating agent) and ATP depletion.
Tumor promoting phorbol esters are also known to have mitogenic activity in other cell types in association with activation of Na:H exchange. For example, Rosoff, Stein and Cantley [43] have shown that TPA and lipopolysaccharide can induce differentiation in a murine pre-B lymphocyte cell line by enhancing amiloride sensitive Na:H exchange. Grinstein postulated that osmoti and TPA stimulated phospholipase C and, via diacylglycerol release, activated protein kinase C with subsequent activation of Nauptake mechanisms. However, additional studies have failed to document increased levels of phosphoinositides or phospholipase C activity during hypertonic volume regulation. Thus, the significance of the phosphorylation response to osmotic shrinkage and phorbol esters remains speculative.
Summary
In conclusion, maintenance of volume homeostasis is a fundamental requirement of all cells. For many cell types, this process requires expression of ion cotransport mechanisms as well as accumulation of osmotically-active organic compounds.
Recent observations have indicated that the cellular mechanisms responsible for modulating hypertonic volume regulation are complex and appear to involve hormonal, biochemical and physico-chemical stimuli. Knowledge of the specific ion-transport mechanisms involved in the initial phase of VRI, the factors that control their expression, and the interrelationships between inorganic and organic solute accumulation will be required before an in depth understanding of hypertonic cell volume regulation in medullary nephron segments can be achieved.
